Lateral hypothalamus (LH) neurons containing the neuropeptide hypocretin (HCRT; orexin) modulate affective components of arousal, but their relevant synaptic inputs remain poorly defined. Here we identified inputs onto LH neurons that originate from neuronal populations in the bed nuclei of stria terminalis (BNST; a heterogeneous region of extended amygdala). We characterized two non-overlapping LH-projecting GABAergic BNST subpopulations that express distinct neuropeptides (corticotropinreleasing factor, CRF, and cholecystokinin, CCK). To functionally interrogate BNST→ LH circuitry, we used tools for monitoring and manipulating neural activity with cell-type-specific resolution in freely behaving mice. We found that Crf-BNST and Cck-BNST neurons respectively provide abundant and sparse inputs onto Hcrt-LH neurons, display discrete physiological responses to salient stimuli, drive opposite emotionally valenced behaviors, and receive different proportions of inputs from upstream networks. Together, our data provide an advanced model for how parallel BNST→ LH pathways promote divergent emotional states via connectivity patterns of genetically defined, circuit-specific neuronal subpopulations.
ppropriately responding to aversive and rewarding stimuli is essential for survival, and subcortical neural systems for regulating emotions are evolutionarily conserved. The precise mechanisms underlying approach and avoidance behavior are beginning to be uncovered, with efforts focused on the intricate connectivity of the LH 1,2 . The LH receives dense synaptic inputs from the amygdala, a brain region critical for emotional processing. Multiple distinct cell types are comingled in the LH, and posterodorsal LH neurons expressing the neuropeptide hypocretin (HCRT 3 ; also known as orexin 4 ) are particularly important for motivated behaviors [5] [6] [7] . Hcrt-LH neurons project throughout the brain, acting via HCRT-receptor (HcrtR) signaling to facilitate arousal (wakefulness) and enable behavioral state transitions 8, 9 . Yet the precise relationships between Hcrt-LH activity and emotional behavior remain elusive. HcrtR signaling has been hypothesized to promote both negative 10, 11 and positive 12, 13 emotional states, but a nuanced theory for how Hcrt-LH neurons process oppositely valenced stimuli remains under development.
Hcrt-LH neurons receive physiological signals from wideranging brain circuits 14, 15 and can be activated by neuropeptide modulators 16, 17 . In particular, inputs to the LH originating from the extended amygdala may govern complex behavioral responses to emotional stimuli. We focused on the BNST, a heterogeneous collection of neuropeptide-enriched extended amygdala cell groups that project to the LH and are sufficient to drive emotion-related behaviors 1, 18 . The complex cellular organization of the BNST has historically presented a challenge for functional dissection of these numerous anatomical divisions and subnuclei 19 . Multiple hypotheses now exist for how the BNST regulates emotional behavior, including division of neurons by classical neurotransmission type 20 , axonal targets 18 , and interneuron versus projection neuron types 21 . However, these ideas minimize the potential importance of the extensive molecular heterogeneity of the BNST.
To dissect BNST→ LH circuitry with genetically defined and pathway-specific resolution, we used viral-based Cre-inducible methods for monitoring endogenous calcium (Ca 2+ ) signals with fiber photometry 22 , manipulating neural activity with optogenetics 23 and chemogenetics 24 , mapping monosynaptic connections with modified rabies viral tracing 25 , and assessing synaptic connectivity with ex vivo slice electrophysiology. We identified two spatially segregated GABAergic BNST subpopulations that (i) express distinct neuropeptide markers, (ii) differentially innervate defined LH subpopulations, (iii) display different patterns of salient stimuli-induced Ca 2+ activity, (iv) receive afferent inputs from distinct upstream networks, and (v) drive oppositely valenced approach and avoidance behaviors, in part via their axonal outputs to LH. Thus, we provide a framework for how multiple genetically segregated GABAergic and neuropeptidergic BNST cell types promote opposing emotional states via divergent connectivity with distinct LH subpopulations.
Results

Hcrt-LH and LepRb-LH neurons: physiology and behavior.
To establish selective Hcrt-LH targeting, we developed a knockin IRES-Cre mouse line (Hcrt-Cre; Supplementary Fig. 1a,b ). Following intra-LH delivery of Cre-inducible fluorescent-labeled adeno-associated virus (AAV), we found that > 90% of viralexpressing neurons were HCRT + , indicative of specific recombinase activity in the Hcrt-LH field ( Fig. 1a and Supplementary Fig. 1c,d) .
To assess whether Hcrt-LH neurons are activated by salient stimuli in real time, we used in vivo fiber photometry to record Ca 2+ signals following exposure to ethologically relevant odorant stimuli. We transduced Hcrt-LH neurons with the GFP-based Ca 2+ indicator GCaMP6, implanted fiber optics above the LH (Fig. 1a) , and habituated mice to a system for freely moving trials in their homecages 26 . Relative to baseline prestimulus recordings, homecage introduction of any object (including scent-free saline control stimuli) increased Hcrt-LH Ca 2+ activity, indicative of a general response to environmental stimuli (Fig. 1b ). However, relative to control stimuli, Hcrt-LH GCaMP6 fluorescence was significantly elevated following presentation of predator odor (trimethyl-3-thiazoline (fox urine); Fig. 1b and Supplementary Fig. 1e ). No significant fluorescence changes were detected during recordings of Hcrt-GFP-LH neurons in control mice (P = 0.763; Supplementary Fig. 1f ). Together, we observed that, although Hcrt-LH neurons displayed increased Ca 2+ activity to stimuli in general, these neurons were especially sensitive to negative emotionally valenced stimuli. These results are supported by existing data showing increased 'orexin-LH' Ca 2+ activity in response to negative emotionally valenced stimuli of additional sensory domains (air puff and immobilization stress 14 ) .
We next performed fiber photometry recordings from LH neurons marked by the leptin receptor (LepRb-Cre), a non-overlapping population intermingled with Hcrt-LH neurons (Fig. 1c ). We chose LepRb-LH neurons because our group previously showed that they regulate the neuroendocrine and behavioral stress response via GABAergic inhibition of Hcrt-LH neurons 27 . Therefore, we hypothesized that increased Hcrt-LH Ca 2+ may require a suppression of GABAergic input from LepRb-LH neurons. Consistent with this premise, we found that GCaMP6 + LepRb-LH neurons ( Supplementary Fig. 2a ) showed an overall reduction in activity upon stimuli presentation (Fig. 1d ). In particular, female mouse urine and predator odor resulted in reduced Ca 2+ activity in LepRb-LH neurons, relative to Hcrt-LH neurons (Fig. 1e) .
Given the literature implicating Hcrt-LH activation in both aversion 10, 11, 17 and reward 12, 13 , we used optogenetic stimulation to clarify the hedonic valence associated with physiological excitation of Hcrt-LH versus LepRb-LH neurons. For photostimulation, we transduced Hcrt-LH neurons with channelrhodopsin-2 tagged with enhanced yellow fluorescent protein (ChR2-eYFP; or eYFP-only control virus), and implanted fiber optics above the LH. We found that > 90% of ChR2-eYFP + cells were HCRT + ( Fig. 1f and Supplementary Fig. 1d ). We analyzed behavior of mice undergoing the real-time place test (RTPT), in which photostimulation (no-light control, or 10-ms pulses of 473-nm light at 5 Hz or 10 Hz) was paired with one counterbalanced side of the RTPT apparatus ( Fig. 1g ). Compared to control mice, which typically spent equal amounts of time on either side of the apparatus, Hcrt-LH-ChR2 mice avoided the photostimulation-paired side (Fig. 1h ), suggesting that photostimulation of Hcrt-LH neurons produced an aversive, negative emotional state. Relative to controls, Hcrt-LH-ChR2 mice displayed decreased time spent per entry to the stimulation side, with no differences in number of entries to the stimulation side, suggesting that potential locomotor changes are unlikely to account for Hcrt-LH-ChR2 avoidance ( Supplementary Fig. 1g,h) .
To determine the necessity of HcrtR signaling for Hcrt-LH-ChR2 aversion, we tested mice following pretreatment with the dual HcrtR-antagonist MK6096 (Filorexant 28, 29 ). MK6096 administration blocked RTPT avoidance, suggesting that HcrtR signaling is required for Hcrt-LH-ChR2 aversion ( Supplementary Fig. 1i ). Most Hcrt-LH neurons co-express dynorphin 13 , the kappa opioidreceptor (KOR) endogenous ligand, so we tested the ability of pharmacological KOR blockade to alter Hcrt-LH-ChR2 aversion. Following pretreatment with KOR antagonist norbinaltorphimine, 10-Hz photostimulation produced RTPT avoidance, suggesting that norbinaltorphimine-sensitive KOR signaling may not be required for Hcrt-LH-ChR2 aversion ( Supplementary Fig. 1j ). Right: mean (± s.e.m.) fluorescence levels during the 60-s stimuli exposure phase (n = 6 mice; 1 or 2 trials with each stimulus per subject, one-way ANOVA; F 3,32 = 11.38, P < 0.0001, Bonferroni post hoc comparison; ***P < 0.0001 vs. no-scent control). c, Representative image of the LH of LepRb-Cre × Cre-inducible Ai14 mice (tdTomato, red), with HCRT immunostaining (green) demonstrating complete lack of LepRb-Cre and Hcrt co-expression, replicated independently with similar results in four mice. d, Left: mean (± s.e.m.) fluorescent Ca 2+ activity traces from fiber photometry recordings of LepRb-LH neurons during baseline 60 s (left of dashed line) and during 60-s exposure to salient odorant stimuli (right of dashed line). Right: mean (± s.e.m.) fluorescence levels during the 60-s stimuli exposure phase (n = 4 mice; 1 or 2 trials with each stimulus per subject, one-way ANOVA; F 3,20 = 5.01, P = 0.0094). e, Direct comparison of mean (± s.e.m.) fluorescence levels from Hcrt-LH (n = 6) and LepRb-LH (n = 4) mice during the 60-s stimuli exposure phase (two-way ANOVA; stimuli × LH cell-type interaction, F 3,52 = 8.75, P < 0.0001, Hcrt-LH vs. LepRb-LH, Bonferroni post hoc comparisons, *P < 0.05 ***P < 0.0001) f, Representative image of Hcrt-LH-AAV-DIO-ChR2-eYFP expression; inset panels show specific co-expression (yellow) of viral ChR2-eYFP labeling (green) with HCRT immunostaining (red), replicated independently with similar results in ten mice. g, Representative heat maps indicating activity of Hcrt-LH-eYFP and Hcrt-LH-ChR2-eYFP mice in the RTPT apparatus during 10-Hz stimulation trial. h, Hcrt-LH-ChR2 photostimulation is aversive in the RTPT (n = 7 eYFP, n = 10 ChR2-eYFP mice, two-way repeated measures ANOVA; ChR2 × stimulation interaction: F 2,30 = 6.72, P = 0.004, Bonferroni post hoc comparisons, ***P < 0.0005 vs. Hcrt-LH-eYFP control group). Center and error bars show mean ± s.e.m. i, LepRb-LH-ChR2 photostimulation is rewarding in the RTPT (n = 8 LepRb-LH-eYFP mice, n = 6 LepRb-LH-ChR2-eYFP mice, two-way repeated-measures (RM) ANOVA; ChR2 × stimulation interaction, F 2,24 = 10.18, P = 0.0006, Bonferroni post hoc comparisons, **P < 0.005, ***P < 0.0005 vs. LepRb-LH-eYFP control group). j, Representative image of Hcrt-LH RVdG-GFP expression; inset panels show starter cells co-expressing RVdG-GFP (green) and AAV5-DIO-TVA-mCherry (red), replicated independently with similar results with four mice k, Representative images of upstream RVdG-GFP + cells that provide direct monosynaptic inputs on Hcrt-LH neurons. l, Visualization of relative abundance of brain-wide inputs onto Hcrt-LH neurons vs. LepRb-LH neurons (n = 4 Hcrt-LH, n = 3 LepRb-LH, two-way RM-ANOVA; LH subpopulation × input region interaction, F 40, 205 = 4.03, P < 0.0001, Bonferroni post hoc comparisons, **P < 0.005, ***P < 0.0005 vs. opposite LH subpopulation In contrast to the aversive nature of Hcrt-LH activation, photostimulation of LepRb-LH neurons produced real-time place preference, indicating that LepRb-LH activation is rewarding ( Fig. 1i ). Relative to controls, LepRb-LH-ChR2 mice displayed increased time spent per entry to the stimulation side, with no differences in the number of entries to the stimulation side, suggesting that poten-tial locomotor changes related to LepRb-LH photostimulation are unlikely to account for LepRb-LH-ChR2 preference ( Supplementary  Fig. 2b,c) . In summary, we found that Hcrt-LH and LepRb-LH neurons displayed unique salient stimuli-induced Ca 2+ activity profiles and that Hcrt-LH and LepRb-LH photostimulation generated oppositely valenced avoidance and approach behaviors. Given the limited understanding of the Hcrt-LH neurocircuitry of negatively valenced emotional states, we sought to elucidate the upstream networks that drive and regulate Hcrt-LH activity. To label upstream cells making direct synapses onto Hcrt-LH neurons, we used the glycoprotein-deleted rabies (RVdG-GFP) monosynaptic tracing strategy 25 . Following identification of double-labeled mCherry + GFP + starter cells ( Fig. 1j ), whole-brain analyses identified major afferent inputs from forebrain, hypothalamus, amygdala, midbrain, and brainstem ( Fig. 1k ). Quantitative analyses highlighted the BNST as the primary non-LH source of inputs onto Hcrt-LH neurons (10.7% of 11,489 cells from n = 4 mice; Fig. 1l ).
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To compare our results to non-Hcrt-LH neurons, we performed the RVdG-GFP strategy in LepRb-Cre mice ( Fig. 1l and Supplementary Fig. 2d,e ). Analogously to Hcrt-LH studies, we identified the BNST as an abundant source of inputs onto LepRb-LH neurons (9.6% of 5,360 cells from n = 3 mice). Compared to LebRb-LH, Hcrt-LH neurons received less abundant input from the LH itself, but more abundant input from the paraventricular hypothalamus (PVN) and ventral tegmental area (VTA; Fig. 1l ). These data indicate that discrete LH cell types share a major input source (BNST), but also receive differentially abundant input from other sources.
Neurochemical identification of LH-projecting BNST subpopulations.
Next, we characterized the BNST neurons making direct synapses onto LH neurons ( Fig. 2a ). To delineate BNST subdivisions, we performed cytoarchitectural analyses of DAPI-labeled coronal slices, relying on anatomical distinctions defined by L.W. Swanson, Paxinos & Watson, the Allen Brain Institute, and others 19, [30] [31] [32] [33] [34] . We found RVdG-GFP + cells throughout anterior (+ 0.60 to + 0.12 mm from bregma) and posterior (+ 0.12 to − 0.36 mm from bregma) BNST divisions in both Hcrt-Cre and LepRb-Cre mice (Fig. 2b,c ). Compared to LepRb-Cre mice, RVdG-GFP + cells in Hcrt-Cre mice were more concentrated in lateral BNST, relative to medial BNST (Fig. 2b,c ).
To select cell types for dissecting BNST→ LH connectivity, we screened the BNST for markers that distinguished between lateral versus medial BNST, focusing on the dorsal BNST in the anteriormiddle range of the rostrocaudal axis, analogous to the anterodorsal BNST (adBNST) 18 . We crossed several Cre driver mouse lines with the Cre-inducible tdTomato (LSL-Ai14) reporter mouse line and visualized tdTomato expression in BNST ( Supplementary  Fig. 3a ). Neurons expressing genes encoding the vesicular GABA transporter (Vgat) or the neuropeptide substance P (tachykinin; Tac1) were in both lateral and medial adBNST, whereas neurons expressing the gene encoding the vesicular glutamate transporter (Vglut2) were absent from adBNST, except in the bed nucleus of the anterior commissure. Three markers (Drd1, dopamine receptor-1; Crf, corticotropin-releasing factor; Pdyn, prodynorphin) preferentially labeled laterally enriched adBNST subpopulations, including cells in the juxtacapsular and oval subnuclei. These anterodorsolateral BNST (adlBNST) subgroups formed contiguous populations that extended caudally (and ventrally) to form the lateral division of the posterior BNST (posterolateral BNST). Unlike lateral BNST markers, Cck labeled medially restricted BNST neurons ( Supplementary Fig. 3a ). We found dorsomedial BNST Cck-Ai14 neurons beginning anteriorly at + 0.20 mm from bregma that comprised a contiguous population extending caudally (and ventrally) to form the medial division of the posterior BNST (posteromedial BNST), classically known as the principal nucleus 35 .
We chose Crf and Cck as markers of laterally enriched versus medially restricted BNST neurons because the proteins they encode are peptide neuromodulators with documented roles in driving emotional behavior and altering LH neuron activity 16, 17 . Crf is a well-established lateral BNST marker, and Crf-BNST neurons modulate anxiety, fear, and addiction-related behaviors 21, 36 . Following the screen of genetically encoded markers, we visualized Crf and Cck neuropeptide immunostaining in adult mice, verifying lateral versus medial BNST expression patterns at the protein level ( Fig. 2d ).
In HcrtLH-RVdG mice, we identified more RVdG-GFP + BNST neurons co-expressing CRF relative to CCK, demonstrating that Hcrt-LH neurons receive more abundant inputs from CRF + versus CCK + neurons ( Fig. 2e,f ). RVdG-GFP + BNST neurons in Hcrt-LH mice also comprised a larger percentage of the Crf-BNST population relative to the CCK-BNST population ( Fig. 2f ). CRF + and CCK + neurons together comprised 25% of Hcrt-LH-projecting RVdG-GFP + BNST neurons, suggesting the existence of additional BNST→ Hcrt-LH subpopulations. In LepRbLH-RVdG mice, we also identified CRF + and CCK + RVdG-GFP + neurons, suggesting that LepRb-LH neurons receive both Crf-BNST and Cck-BNST inputs ( Supplementary Fig. 3b ,c).
Based on differential connectivity of Crf-BNST versus Cck-BNST onto Hcrt neurons, we selected Crf-Cre and Cck-Cre mouse lines to dissect these genetically segregated BNST→ LH pathways. To validate lines for BNST manipulations, we performed immunostaining for Crf and Cck in tdTomato reporter mice ( Supplementary  Fig. 3d,e ). Crf-Ai14 and Cck-Ai14 reporter expression corresponded closely with CRF and CCK peptide expression, respectively ( Supplementary Fig. 3d ). Vgat-Ai14 and Vglut2-Ai14 analyses revealed that CRF + and CCK + cells are primarily GABAergic and not glutamatergic ( Supplementary Fig. 3d ). Drd1-Ai14 and Tac1-Ai14 analyses revealed modest co-expression with CRF ( Supplementary  Fig. 3e ), suggesting that Crf cells represent one of many partially overlapping BNST→ LH subpopulations. To address cross-overlap between lateral versus medial subgroups, we observed that Crf-Ai14 was not co-expressed with CCK and Cck-Ai14 was not co-expressed with CRF. Thus, we established CRF + and CCK + cells as two nonoverlapping, lateral versus medial GABAergic BNST subpopulations ( Supplementary Fig. 3d ).
Crf and Cck BNST neurons: physiology and behavior. To evaluate the response of BNST subpopulations to salient stimuli, we measured Ca 2+ activity from Crf and Cck neurons expressing GCaMP6. Due to the abundance of lateral BNST→ Hcrt-LH connections, we hypothesized that Crf-BNST neurons would display greater sensitivity to aversive rather than appetitive stimuli. Relative to control stimuli, Crf-BNST-GCaMP6 fluorescence was increased by predator odor, but not by other stimuli (Fig. 3a) . In contrast, Cck-BNST-GCaMP6 fluorescence levels in male mice were specifically increased an appetitive odorant stimulus: urine from mice of the opposite sex 37 (Fig. 3b ). Direct comparisons of genetically defined BNST activity revealed greater response of Crf versus Cck neurons to predator odor and greater response of Cck versus Crf neurons to female mouse urine (Fig. 3c ). The distinct responses of lateral versus medial BNST subpopulations to oppositely valenced stimuli corresponded to their differential connectivity onto Hcrt-LH neurons ( Fig. 2 ), leading us to hypothesize that Crf and Cck neurons drive opposing emotional states via divergent LH connectivity.
To determine the hedonic valence associated with activation of Crf and Cck BNST subpopulations, we performed optogenetic stimulations. First, we used slice electrophysiological recordings of ChR2 + BNST cell bodies to validate spike fidelity to blue light stimulation ( Fig. 3d,e ). Based on abundant Crf-BNST→ Hcrt-LH connectivity and distinct Ca 2+ responses of Crf-versus Cck-BNST neurons, we hypothesized that Crf-BNST and Cck-BNST stimulations would elicit behavioral avoidance and approach, respectively. Relative to controls, Crf-BNST-ChR2 photostimulation produced avoidance of the stimulation-paired side ( Fig. 3d Crf-BNST fiber photometry
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Male mouse scent suggesting that Crf-BNST activation is aversive. Cck-BNST-ChR2 photostimulation produced preference for the stimulation-paired side ( Fig. 3e ), suggesting that Cck-BNST activation is rewarding. Analogous to previous studies 1, 20 , photostimulation of Vgat-BNST neurons produced preference ( Supplementary Fig. 4a,b ). This suggests that, while activation of a nonspecific population of GABAergic Vgat-BNST neurons is rewarding, stimulation of a laterally enriched subset of GABAergic Vgat-BNST neurons (like Crf neurons) can be aversive. To further test this, we photostimulated additional laterally enriched (Drd1) and medially restricted (Six3) BNST subpopulations in the RTPT and observed avoidance and preference, respectively ( Supplementary Fig. 4c-f ), supporting findings from Crf and Cck experiments. Together, these results demonstrate that the Vgat-BNST population consists of genetically defined and spatially segregated subpopulations that have either similar or distinct behavioral effects, relative to the global Vgat-BNST population.
Crf and Cck: mapping inputs onto BNST subpopulations. In considering that Crf and Cck cells displayed differential connectivity with Hcrt-LH neurons (Fig. 2) , distinct Ca 2+ responses to salient stimuli ( Fig. 3a-c) , and divergent behaviors upon photostimulation ( Fig. 3d,e ), we hypothesized that these cells receive synaptic inputs from distinct upstream circuits. Thus, we used the modified rabies strategy in the BNST of Crf-Cre and Cck-Cre mice. Crf-and Cck-BNST starter cells were restricted to lateral and medial BNST, respectively ( Fig. 3f ).
We first examined intra-BNST connectivity by counting RVdG-GFP + cells throughout all BNST subdivisions (excluding mCherry + GFP + starter cells). We discovered that Crf-BNST neurons received a larger share of inputs from adlBNST relative to Cck-BNST neurons (Fig. 3g,h) . Conversely, Cck-BNST neurons received a larger share of inputs from anterodorsomedial BNST and posteromedial BNST. Thus, although we observed substantial BNST→ BNST local connectivity, these connections were more abundant within the same BNST subdivision rather than across different BNST subdivisions ( Fig. 3g,h ).
Brain-wide counts of RVdG-GFP + cells outside the BNST identified the medial amygdala (MeA) as the primary input source onto Crf-BNST neurons (6.8% of 3,473 cells from n = 4 mice), followed by medial preoptic area, PVN, and central nucleus of amygdala ( Fig. 3i,j) . Reminiscent of Crf-BNST neurons, Cck-BNST neurons also received their most abundant inputs from the MeA and medial preoptic area. However, compared to Crf neurons, Cck neurons received more-abundant input from MeA and less-abundant input from PVN and the anteroventral periventricular nucleus, which we included together with cell counts in the ventromedial preoptic area (Fig. 3i,j) .
PVN was the only identified region that provided more abundant input onto Hcrt versus LepRb neurons, as well as more abundant input on Crf versus Cck neurons ( Figs. 1l and 3j ). PVN neurons containing CRF are essential for orchestrating the hypothalamicpituitary-adrenal axis and associated stress-coping behaviors 38 . Therefore, we hypothesized that Crf-PVN neurons are a common node in stress-and avoidance-related Crf-BNST→ Hcrt-LH circuitry.
To test this, we photostimulated Crf-PVN neurons in the RTPT and observed behavioral avoidance ( Supplementary Fig. 4g ,h), indicating that strong PVN inputs onto Hcrt-LH and Crf-BNST neurons manifest behaviorally. We propose that these circuits consist of highly interconnected nodes (Crf-PVN, Crf-BNST, Hcrt-LH) that work in feedforward fashion to drive avoidance behaviors in response to stressful stimuli.
Chemogenetic self-stimulation of Crf and Cck neurons.
To determine the emotional states associated with genetically defined BNST intracellular G-protein signaling, we used excitatory (hM3Dq) designer receptors exclusively activated by designer drugs (DREADDs; Fig. 4a ). Slice electrophysiological recordings validated clozapine-N-oxide (CNO)-evoked spiking and increased membrane potential (Fig. 4b) . To measure chemogenetic self-stimulation, mice expressing hM3Dq DREADDs (or control virus) in BNST neurons were tested for voluntary consumption of the DREADD ligand CNO (Fig. 4c ). During 4-h sessions in the circadian dark, mice chose to drink normal water or water containing CNO (see Methods). , CNO application to BNST neurons elicited robust spiking activity and increased membrane potential (RMP; n = 7 neurons from two mice; two-tailed paired t test; t 6 = 2.49, *P = 0.0472). c, Timeline for CNO-drinking hM3Dq self-stimulation studies. d, CNO intake (left) and CNO preference (right) in Crf-BNST-hM3Dq and control mice (n = 6 Crf-mCherry, n = 12 Crf-hM3Dq-mCherry mice, two-way RM-ANOVA; intake: DREADD × CNO interaction, F 2,32 = 5.32, P = 0.010, Bonferroni post hoc comparisons, **P < 0.005, ***P < 0.0005 vs. Crf-mCherry-BNST). e, CNO intake (left) and CNO preference (right) in Cck-hM3Dq-BNST and control mice (n = 15 Cck-mCherry, n = 11 Cck-hM3Dq-mCherry mice, two-way RM-ANOVA; intake: DREADD × CNO interaction, F 2,48 = 5.41, P = 0.008, Bonferroni post hoc comparisons, **P < 0.005 vs. Cck-mCherry-BNST). f, Body weight, water intake, total fluid intake, and food intake for Crf-BNST mice in CNO drinking studies (n = 6 Crf-mCherry, n = 12 Crf-hM3Dq-mCherry mice, no significant group × CNO interactions; two-way RM-ANOVA, DREADD × CNO interaction, P = 0.54, P = 0.52, P = 0.81, P = 0.96, respectively). g, Body weight, water intake, total fluid intake, and food intake for Cck-BNST mice in CNO-drinking studies (n = 15 Cck-mCherry, n = 11 Cck-hM3Dq-mCherry mice, no significant group × CNO interactions, two-way RM-ANOVA, DREADD × CNO interaction, P = 0.62, P = 0.13, P = 0.69, P = 0.14, respectively). h, For chemogenetic inhibition experiments, Crf-Cre and Cck-Cre mice received bilateral BNST infusion of either control (mCherry) or inhibitory DREADD (hM4Di) virus. For physiological inhibition experiments, Crf-Cre and Cck-Cre mice received bilateral BNST infusion of either control (eYFP) or inhibitory K + channel (Kir2.1) virus. i, Relative to aCSF, CNO application to hM4Di + BNST neurons reduced spiking activity and significantly decreased resting membrane potential (n = 7 neurons from two mice; two-tailed paired t test; t 6 = 2.59, *P = 0.0412). j, Relative to eYFP + control BNST neurons, Kir2.1-infected BNST neurons showed reduced spiking activity in response to increasing current injection (n = 5 neurons from two mice per group; current × virus interaction, F 4,32 = 3.1, *P = 0.029, Bonferroni post hoc comparisons, *P < 0.05). k, Behavioral approach to female mouse odorant stimuli in male Crf-BNST mice following hM4Di DREADD inhibition (n = 5 Crf-mCherry, n = 6 Crf-hM4Di-mCherry, two-way RM-ANOVA; DREADD × CNO interaction, F 1,9 = 0.12, P = 0.737). l, Behavioral approach to female mouse odorant stimuli vs. control no-scent stimuli in male Crf-BNST mice following Kir2.1 manipulation (n = 8 Crf-GFP, n = 6 Crf-Kir2.1-GFP mice, two-way RM-ANOVA; Kir2.1 × stimuli interaction: Relative to controls, Crf-BNST-hM3Dq mice consumed less CNO (Fig. 4d) , whereas Cck-BNST-hM3Dq mice consumed more CNO (Fig. 4e ). These results occurred in a concentration-dependent manner, suggesting that mice titrated their CNO intake based on subpopulation-specific hM3Dq signaling. Measures of body weight, water intake, total fluid intake, and food intake revealed no group differences ( Fig. 4f,g) . These findings, that Crf-BNST-Gq signaling is aversive and Cck-BNST-Gq signaling is rewarding, strengthen the conclusions from optogenetic RTPT studies (Fig. 3d,e ), supporting the premise that Crf and Cck neurons drive opposing emotional states. We also identified changes in 'anxiety-like' behaviors following chemogenetic and optogenetic stimulation of Crf and Cck neurons ( Supplementary Fig. 5 ), replicating previous Crf-and Vgat-BNST findings 36, 39 .
Inhibition of Crf-and Cck-BNST neurons during behavioral approach. Given the different states induced by DREADD modulation, we hypothesized that Crf and Cck neurons are differentially essential for responding to appetitive salient stimuli. To test this, we analyzed male mice for behavioral approach toward female mouse urine following BNST silencing. For temporary chemogenetic inhibition, we used the inhibitory DREADD hM4Di (Fig. 4h ). Slice electrophysiological recordings validated CNO-evoked decreased membrane potential (Fig. 4i ). For chronic physiological inhibition, we used viral overexpression of the inwardly rectifying potassium channel Kir2.1. Kir2.1 introduces a leak current, decreasing input resistance 40 . We observed robust spiking inhibition in Kir2.1-infected neurons relative to control neurons (Fig. 4j ). Compared to control trials, male mice displayed substantial behavioral preference for appetitive odorant stimuli following saline injection. However, following CNO injection, hM4Di inhibition of Cck, but not Crf, neurons diminished the preference for female mouse urine (Fig. 4k,m) . These results indicate that Cck-BNST activity is essential for adaptive behavioral approach. Kir2.1 inhibition of Cck, but not Crf, neurons also reduced preference for female mouse urine (Fig. 4l,n) , further indicating the specific requirement of Cck-BNST activity for adaptive approach.
Crf and Cck: projection-specific BNST→LH functionality. We next characterized the efferent outputs of BNST neurons, observing that both Crf and Cck neurons project strongly to the LH, MeA, and several areas throughout hypothalamus and midbrain (Fig. 5a ). To assess the functionality of genetically defined BNST→ LH pathways, we asked whether photostimulation of Crf and Cck axons in the LH could reproduce the emotional states associated with BNST cell body stimulations. We expressed ChR2-eYFP (or eYFP-only) in BNST of Crf-Cre and Cck-Cre mice, and implanted fiber optics over the LH. BNST→ LH RTPT photostimulation revealed avoidance in Crf-BNST→ LH-ChR2 mice and preference in Cck-BNST→ LH-ChR2 mice (Fig. 5b,c) , demonstrating that genetically defined BNST→ LH pathways generate opposing emotional states.
To identify the physiological nature of distinct BNST→ LH pathways, we determined the precise relationships between Crf-or Cck-BNST activity and Hcrt-LH activity. Based on divergent abundance of lateral versus medial BNST→ LH connections identified by rabies tracing, we hypothesized that BNST subpopulations are differentially connected to Hcrt and other LH cells. We crossed Crf-Cre and Cck-Cre mice with the HCRT-eGFP reporter mouse line, expressed ChR2-mCherry in the BNST (Fig. 5d ), and used ex vivo slice physiology to characterize BNST→ LH connectivity. Notably, we identified ChR2-mCherry BNST axons innervating the HCRT-eGFP LH field in both Crf-Cre and Cck-Cre mice ( Supplementary Fig. 6 ). Consistent with results from input mapping, slice experiments found that 6 of 10 HCRT-eGFP + neurons received direct synaptic input from Crf-BNST neurons, while only 1 of 8 HCRT-eGFP + neurons received direct synaptic input from Cck-BNST neurons (Fig. 5e,f) . In contrast to HCRT-eGFP + connectivity differences, both Crf and Cck neurons were directly connected to ~75% of HCRT-eGFPneurons. We observed no differences in amplitude, latency, or current decay in HCRT-eGFP + versus HCRT-eGFPcells receiving Crf or Cck input (Fig. 5g,h) . These data support our overall conclusion that lateral versus medial BNST activities are differentially linked to activities of Hcrt and other LH subtypes.
Discussion
Limbic neural circuits critically drive and regulate emotional behavior, which is strongly implicated in psychiatric conditions of traumatic stress, compulsive reward-seeking, and dysregulated sleep-wake patterns. Here we used genetically encoded and pathway-specific tools to monitor, manipulate, and map discrete neural circuits, defining functional roles for previously unrecognized pathways that coordinate behavioral responses to emotionally salient stimuli.
Our initial studies aimed to understand how Hcrt-LH activity changed in response to stimuli and how Hcrt-LH photostimulation generated hedonic valence-associated behavior. These questions pertain to the role of Hcrt-LH neurons in emotional arousal. For example, loss of Hcrt-LH neurons is associated with narcolepsy (sleep-like episodes that interrupt wakefulness) 41 , and powerful emotional stimuli can trigger cataplectic attacks (sudden loss of muscle tone) in narcoleptic patients. These findings highlight a wide-ranging role for Hcrt in behavioral responding to salient stimuli and changing environmental conditions, with broad relevance to motivated wakefulness 42 . Yet Hcrt peptides remain commonly known as orexins, a term intended to ascribe appetite-stimulating properties to this system. Consequently, these ideas led to abundant reports of appetitive behaviors and reward-linked states associated with Hcrt-LH activation. Challenging this view, genetic ablation of orexin-LH neurons increased (rather than decreased) food intake, and orexin-LH neurons showed decreased (rather than increased) Ca 2+ activity during feeding 43 . In the present studies, we found that Hcrt-LH Ca 2+ activity was elevated in response to negative emotionally valenced stimuli and that Hcrt-LH photostimulation generated behavioral avoidance. Thus, our data do not support the hypothesis that Hcrt-LH activation is associated with a positive hedonic state. However, it remains possible that reward-linked and feeding-related aspects of the Hcrt-LH system are encoded in a pathway-specific manner, perhaps via VTA projections 44 .
We compared our Hcrt-LH findings to results from LepRb-LH neurons, which regulate Hcrt-LH activity via GABAergic inhibition. Relative to Hcrt-LH, LepRb-LH neurons showed decreased activity in response to salient stimuli, and LepRb-LH photostimulation generated preference. While we interpret these findings within the context of their inhibitory actions onto Hcrt-LH neurons 27 , we acknowledge that LepRb-LH projections to the midbrain also control related behaviors 45 . When considering that Hcrt and LepRb mark subsets of larger glutamatergic and GABAergic populations, our findings are consistent with previous reports of these broader LH cell types generating avoidance and approach 1,2 . We next compared inputs onto Hcrt and LepRb neurons, finding differences in PVN and VTA input abundance, hinting at potential functional relevance of these connections to be pursued in future studies. Despite these differences, we found abundant BNST input onto both LH cell types, highlighting a conserved organization of extended amygdala networks synapsing in LH. We used these tracing data as rationale for pursuing dissection of heterogeneous BNST→ LH circuits.
One hypothesis for BNST control of emotional behavior proposes that VTA-projecting ventral BNST neurons could be functionally distinguished by classical neurotransmission mode (GABAergic versus glutamatergic) 20 . However, GABAergic neurons comprise the majority of BNST neurons, suggesting further levels of heterogeneity. A second hypothesis proposes that adBNST neurons could be functionally distinguished based on their axonal targets 18 . However, more than ten different neuropeptides are generated within partially overlapping adBNST subpopulations 19, 46, 47 suggesting that even pathway-specific adBNST neurons encompass a diverse cellular array. A third hypothesis distinguishes BNST neurons based on interneuron versus projection neuron properties, but disregards non-interneurons projecting elsewhere than LH or VTA 21 . We explored a fourth hypothesis by proposing that diverse functions of BNST neurons may be primarily determined based on neuropeptide-defined genetic subpopulations, rather than by classical neurotransmission mode, output target, or interneuron connectivity per se. Our analyses established that connectivity of BNST neurons onto Hcrt versus LepRb neurons corresponded to a lateral versus medial gradient. Therefore, we identified laterally enriched and medially restricted BNST markers and provided the first evidence that Hcrt-LH neurons receive abundant innervation from Crf-BNST neurons, but sparse innervation from Cck-BNST neurons. Prior data from our group showed that Hcrt-LH neurons are activated by stress and CRF 17 , so these findings are important in identifying adlBNST and posterolateral BNST as major sources of Hcrt-LH Crf-BNST input.
Fiber photometry experiments found that Crf and Cck neurons were differentially activated by aversive and rewarding stimuli ( Fig. 3a-c) , and optogenetic experiments found that Crf and Cck neurons were individually sufficient to generate distinct behaviors linked to opposing emotional states (Fig. 3d,e ). Further, we used projection-specific photostimulation to establish that distinct BNST→ LH pathways exert opposing effects on emotional behaviors (Fig. 5b,c) . In considering that Crf-BNST→ LH and Cck-BNST→ LH mark distinct subsets of the larger overall Vgat-BNST→ LH pathway, our findings suggest that ratios of neuropeptide modulation, rather than excitatory-inhibitory balance of fast neurotransmission, may be sufficient to explain diverse BNST behavioral effects.
BNST afferent input mapping identified differences that are likely relevant for interpreting the capabilities of these parallel circuits ( Fig. 3i,j) . For example, the abundance of PVN inputs onto Crf versus Cck neurons is an intriguing candidate for an upstream mechanism explaining the divergent Ca 2+ responses of Crf and Cck cells to salient stimuli. Following this idea, we established Crf-PVN neurons as an additional node in this aversion circuitry ( Supplementary Fig. 4g,h) . We speculate that the divergent MeA input onto Cck versus Crf neurons is functionally relevant for MeAdependent prosocial, sexual, and aggressive behaviors [48] [49] [50] .
We developed a model of chemogenetic self-stimulation by implementing voluntary CNO consumption for detecting cell-typespecific hedonic reactivity. This approach facilitated homecage data collection in mice that might otherwise be sensitive to forced drug administration or unfamiliar environments. Our findings, in which hM3Dq + mice displayed subpopulation-specific patterns of CNO intake, provide additional evidence supporting conclusions from optogenetic studies on the hedonic valence associated with Crf versus Cck neuron activation.
We also used experimenter-administered CNO for chemogenetic modulation and detected anxiety-like behavioral changes ( Supplementary Fig. 5 ). Supporting these results, photostimulation of Crf-and Cck-BNST neurons heightened anxiety-like behavior as well ( Supplementary Fig. 5 ). Thus, while either hM3Dq or ChR2 neuron activation of either Crf or Cck neurons increased anxiety-like behavior, we suggest that these changes reflect generally heightened arousal states, rather than pure anxiety per se. We suggest that increased anxiety-like behavior as measured in these standard experiments can reflect either an aversive state (avoidance of a stressful environment) or a rewarding state (a positively reinforcing adaptive mechanism promoting safety). We posit that standard anxiety-like behaviors exist along the spectrum of negative and positive valence and that these states can be modulated by activity within BNST subpopulations.
We next inhibited BNST neurons, observing that subpopulations were differentially essential for appetitive behavioral approach. In these studies of male mice, we used an ethologically relevant odorant stimulus: urine from mice of the opposite sex 37 . As reflected in the behavior of viral controls (Fig. 4k-n) , this stimulus generated significant place preference, even in sexually naive mice. We found that inhibition of Cck, but not Crf, neurons blocked this preference, highlighting the specific necessity of Cck cells for this adaptive behavior.
In the final experiments, we used a combinatorial strategy to record from LH neurons while stimulating axons from genetically defined LH-projecting BNST neuronal subpopulations. Due to the GABAergic nature of Crf and Cck neurons, we used picrotoxinsensitive inhibitory postsynaptic currents to measure BNST→ LH connectivity. Synaptic physiology data supported rabies-mapping studies that identified Crf versus Cck differences in Hcrt-LH connectivity ( Fig. 5e-h) . In particular, we found that 60% of Hcrt-LH neurons received direct input from Crf-BNST neurons, whereas only 12.5% of Hcrt-LH neurons received direct input from Cck-BNST neurons. In contrast, both Crf-and Cck-BNST neurons were directly connected to the majority of HCRT-LH neurons (though these exact proportions may differ with increased numbers of recordings). One remaining question is concerned with excitatory neuropeptide signaling from Crf versus Cck neurons onto LH neurons. We hypothesize that, although we identified greater Crf-BNST→ Hcrt-LH connectivity based on GABAergic transmission, multiple physiological signals are likely conveyed in these synapses. Differential ratios of GABA/neuropeptide release onto LH neurons may be sufficient to coordinate the behavioral distinctions between Crf-BNST→ Hcrt-LH and Cck-BNST→ non-Hcrt-LH circuits. Indeed, the complex BNST→ LH circuit architecture provides myriad potential mechanisms for excitation of Hcrt-LH neurons by Crf-BNST neurons, either directly by neuropeptide signaling or indirectly by disinhibition via GABAergic LH interneurons (for example, LepRb-LH neurons).
In summary, we provide the first functional characterization of two distinct neuropeptide-defined GABAergic BNST subpopulations. These findings suggest that LH-mediated behavior can be delicately controlled via balance of input from neuropeptide-defined BNST cells, rather than simply via excitatory-inhibitory neurotransmission or axonal targeting. Indeed, the mixed neurochemical phenotypes of BNST neurons allow for combinatorial modes of modulation and transmission, likely to enable large-scale multisynaptic network communication for generating the complex behaviors required for survival. Altogether, our findings provide a mechanistic framework for BNST→ LH circuit dysregulations in psychiatric disorders, and future studies will inform development of improved therapeutic approaches.
Methods
Animals. We used adult (8-to 16-week-old) male mice (Mus musculus) housed in Plexiglass chambers at constant temperature (22 ± 1 °C) and humidity (40-60%), under a reverse circadian light-dark cycle (lights-off at 9:00 a.m., lights-on at 9:00 p.m.). Food and water were available ad libitum. All experiments were performed in accordance with the guidelines described in the US National Institutes of Health Guide for the Care and Use of Laboratory Animals and approved by Stanford University Administrative Panel on Laboratory Animal Care.
Generation of Hcrt-IRES-Cre knock-in mice was outsourced to Cyagen Biosciences. Bacterial artificial chromosome clones containing the preprohypocretin (Hcrt) gene were used to target a cassette containing the internal ribosomal entry sequence (IRES) linked to Cre recombinase and a Frt-flanked neomycin resistance gene immediately downstream of the exon 2 stop codon ( Supplementary Fig. 1a ). The target construct was electroporated into C57BL/6 embryonic stem cells, targeted clones were injected into blastocysts, and resultant chimeras were bred for germline transmission and then crossed with Flp-deletion mice to remove the neomycin selection gene ( Supplementary Fig. 1b ). Two of ten pups (1 male, 1 female) were identified by positive PCR screening and used as founders of the Hcrt-IRES-Cre mouse line. Previously generated additional Cre driver lines were also used (see below). Heterozygous male and female Creexpressing mice were continuously backcrossed to C57BL/6J wild-type mice from the Jackson Laboratory (JAX-West; Sacramento, CA). For all data collection, we used male mice, aged 7-12 weeks at the start of experiments.
We Surgery. Mice underwent stereotaxic surgery for fiberoptic implantation and/ or viral injection, similarly to a previously described procedure 26 . Mice were anesthetized with ketamine and xylazine (100 and 10 mg/kg, intraperitoneal; i.p.) and placed on a stereotaxic frame (David Kopf Instruments, Tujunga, CA). To selectively express viral constructs, we infused virus through a stainless steel 28-gauge internal microinjector (Plastics One, Inc., Roanoke, VA) connected to a 10-μ L Hamilton syringe. After infusion, injector was kept in place for 5 min and then slowly withdrawn over 5 min. For optogenetic and fiber photometry and for rabies mapping experiments, viral injections were unilateral. For DREADD, Kir2.1, and slice-physiology connectivity experiments, viral injections were bilateral. For optogenetic and fiber photometry experiments, mice also received unilateral fiberoptic cannula implantation, secured to the skull with MetaBond and dental cement. Virus preparation. Adeno-associated viruses (AAVs) carrying Cre-inducible (double-inverse orientation; DIO) transgenes were purchased from the Gene Vector and Virus Core at Stanford University (AAVs for fiber photometry, optogenetics, retrograde tracing, and Kir2.1 studies) or University of North Carolina-Chapel Hill Vector Core (AAVs for DREADD studies). Glycoproteindeleted rabies virus for retrograde tracing (SAD Δ G EnvA-GFP, 'RVdG-GFP'; 5 × 10 10 pp/mL) was purchased from Salk Institute Gene Transfer Targeting and Therapeutics Core. We used the following AAVs: AAV-DJ-EF1α -DIO-GCaMP6f General procedures. Following recovery from fiberoptic implantation and/or viral injection (7-10 d), mice were habituated to fiberoptic patch cables (for fiber photometry and optogenetic experiments), moving freely with the tether in their homecages for an additional 7-10 d before data collection. For all behavioral studies, mice were habituated to experimenter handling in the days and weeks before testing. For all pharmacological and chemogenetic studies, mice were fully habituated to intraperitoneal (i.p.) saline control injections in the days and weeks before testing. All in vivo data were collected from mice under dim red light conditions, during the circadian dark (active) phase, between Zeitgeber Time (ZT)14 and ZT22.
Fiber photometry. Fiber photometry recordings were performed similarly to a previously described procedure 26 . Briefly, we sinusoidally modulated blue light from a 470-nm excitation LED (M470F3, Thorlabs, NJ, USA) at 211 Hz, using a custom Matlab program (MathWorks, Natick, MA, USA) and a multifunction data acquisition device (NI USB-6259, National Instruments, Austin, TX, USA). The blue light was passed through a GFP excitation filter (MF469-35, Thorlabs), reflected off a dichroic mirror (MD498, Thorlabs), and coupled using a fiber collimation package (F240FC-A, Thorlabs) into a low-fluorescence patch cord (2 m, 0.48 NA; Doric Lenses) connected to the fiberoptic implant by a zirconia sleeve (Doric Lenses). GCaMP6 fluorescence was collected through the excitation patch cord, passed through a GFP emission filter (MF525-39, Thorlabs), and focused onto a photodetector (Model 2151, Newport, Irvine, CA, USA) using a lens (LA1540-A, Thorlabs). The signal was sent to a lock-in amplifier (30-ms time constant, Model SR830, Stanford Research Systems, Sunnyvale, CA, USA) that was synchronized to 211 Hz. Signals from the amplifiers were collected at 1 kHz using a custom Matlab program and a multifunction data acquisition device (National Instruments). The photometry signal F was converted to Δ F/F by subtracting the median F from F and dividing by the median F, when the median F is defined as the median F for the 60-s baseline period preceding each 60-s stimuli presentation trial.
Fiber photometry stimuli presentation. To begin fiber photometry recording sessions following 7-10 d of habituation, we connected patch cords of mice to the experimental setup and recorded Ca 2+ activity for 120 s trials. We recorded 60 s of baseline Ca 2+ activity before gently placing salient odorant (or no-scent control) stimuli into mouse homecages. Salient odorant stimuli were provided on 1-cm × 1-cm pieces of cotton (Nestlet). Stimuli included no-scent control (200 μ L saline), female or male mouse scent (200 μ L of female or male mouse urine), or predator scent (5 μ L TMT; fox urine scent). Mouse urine was collected from samesex group-housed adult (8) (9) (10) (11) (12) week-old) mice from several different cages in a different area of the facility from the experimental room, stored in tubes containing pooled samples from several male or female mice, and used for testing within 1 h of collection.
Photostimulation and real-time place testing (RTPT). All in vivo optogenetic stimuli (10-ms pulses at 5 Hz or 10 Hz) were generated by a waveform generator (Master-8; AMPI, Jerusalem, Israel) that triggered blue-light lasers (473 nm; LaserGlow). Laser power was adjusted such that the light exiting the fiber optic cable was 8-16 mW. Behavior was recorded by overhead video camera and scored offline by experimenters blinded to the experimental group or stimulation parameter. Subjects were placed into the 'no-stimulation' side of a two-chambered 52 × 26-cm apparatus filled with fresh bedding, and upon crossing to the opposite 'stimulation-paired' side, received stimulation (473-nm light; 5 Hz, 10 Hz, or no light) until returning to the no-stimulation side, upon which stimulation ceased. The 10-min sessions began when the subject first fully crossed (all four paws) from the no-stimulation side to the stimulation-paired side.
No-stimulation control trials showed that the behavioral apparatus was unbiased (n = 94 mice; 50.71 ± 0.49% time spent on the stimulation-paired side). In addition to the unbiased apparatus, we also used an unbiased model, in which the stimulation-paired side was fully counterbalanced across testing. Mice underwent repeated RTPT tests with different stimulation parameters that were separated from each other by 5-10 d and counterbalanced on the order of stimulation parameter tested (no light, 5 Hz, or 10 Hz). All trials were balanced such that equal numbers of mice from each group, for each stimulation parameter trial, received stimulation frequencies on a given side of the apparatus. Furthermore, we counterbalanced the stimulation-paired side for each individual, such that half of mice from each group received stimulation on the same side as the previous test, and half of the mice from each group received stimulation on the opposite side from the previous test.
Drugs. Double Hcrt-R antagonist MK6096 (filorexant 28 ) was dissolved in 50% saline/50% PEG-400 at a concentration of 2.0 mg/mL and administered i.p. at a dose of 5.0 mg/kg 30 mins before behavioral testing. Norbinaltorphimine (norBNI) was dissolved in saline at a concentration of 1.0 mg/mL and administered i.p. at a dose of 10.0 mg/kg 24 h before behavioral testing. Designer receptor ligand clozapine-N-oxide (CNO) was dissolved in 100% saline at a concentration of 0.20 mg/mL and administered i.p. at a dose of 2 mg/kg 30 min before behavioral testing. For self-stimulation studies, CNO was dissolved in tap water at concentrations of 25 mg/L, 50 mg/L, or 100 mg/L (described below).
Monosynaptic modified-rabies viral tracing. Three weeks following unilateral viral infusion of AAV5-DIO-TVA-mCherry and AAV8-DIO-RG into either the LH or the BNST (1:1 viral mixture, 0.6 μ L total volume), 0.5 μ L of the RVdG-GFP modified rabies was injected into the same site. Five days later, mice received bilateral colchicine infusions into the lateral ventricles (1.0 μ L of 7 μ g/mL solution per hemisphere, for neuropeptide immunostaining). Following colchicine Anxiety-like behavior testing. Mice were video-recorded for 5 min immediately after being placed in the center of the open field test (OFT) or elevated plus maze (EPM). For DREADD studies, mice underwent the OFT and EPM 30 min following i.p. injection of either saline or CNO. For optogenetic studies, mice were tested immediately following either homecage no-light control stimulation, or photostimulation (1-s train of 10 Hz stimulation, every 30 s, for 5 min). The OFT consisted of a 44-cm × 44-cm white acrylic square box, with the center defined as the inner 22-cm × 22-cm square. The EPM consisted of a black acrylic apparatus elevated 30 cm off the floor, consisting of two symmetrical open arms and two symmetrical closed arms (each arm 5 cm × 16 cm), with a 5-cm × 5-cm square connecting the four arms in the center. We quantified OFT videos for distance traveled and center time. Distance traveled was converted to mean velocity (cm/s) for data analysis and presentation. We Electrophysiology. Coronal hypothalamic slices containing the BNST or LH (250 mm) were prepared from 3-to 4.5-month-old mice, at least 4 weeks following virus injection. Mice were deeply anesthetized with isoflurane before being transcardially perfused with an ice-cold artificial cerebrospinal fluid (CSF) consisting of 124 mM NaCl, 4 mM KCl, 26 mM NaHCO 3 , 1 mM Na 2 PO 4 , 10 mM glucose, 2 mM CaCl 2 , and 1.2 mM MgSO 4 , saturated with 95% O 2 /5% CO 2 . Slices were cut on a microslicer (DTK-1000, Ted Pella) in ice-cold high-sucrose cutting solution consisting of 254 mM sucrose, 1.25 mM NaH 2 PO 4 , 24 mM NaHCO 3 , 3 mM KCl, 2 mM CaCl 2 , 2 mM MgCl 2 , and 10 mM glucose, saturated with 95% O 2 /5% CO 2 , before slicing. Slices were then placed in a recovery chamber containing artificial cerebrospinal fluid (CSF), saturated with 95% O 2 /5% CO 2 and allowed to recover for 1 h before recording at 32 °C. Whole-cell patch-clamp recordings from eYFP + , mCherry + , or eGFP + neurons were carried out using thin-walled borosilicate glass pipettes (Warner Instruments) with pipette resistance values of 3-5 MOhm. All recordings were carried out at room temperature (RT; 21-22 °C) .
For whole-cell current-clamp recordings of identified neurons, pipettes were filled with an internal solution consisting of 115 mM potassium gluconate, 20 mM KCl, 1.5 mM MgCl 2 , 10 mM phosphocreatine-Tris, 10 mM HEPES, 0.1 mM EGTA, 2 mM Mg-ATP, and 0.5 mM Na-GTP (pH 7.3). For validation of hM3Dq and hM4Di, CNO (10 μ Μ ) was bath applied while the cell was at RMP. Changes in RMP were measured 3 min post application. For Kir2.1 validation, cells were kept at approximately -60 mV while a series of current steps were applied. For whole-cell voltage-clamp recordings from identified Hcrt-eGFP + and Hcrt-eGFPneurons, pipettes were filled with a high-Cl internal solution consisting of 135 mM CsCl, 10 mM HEPES, 10 mM EGTA, 2 mM NaCl, 4 mM Mg-ATP, 5 mM TEA-Cl, 1 mM QX-314-Cl, and 0.1 mM spermine (pH 7.3). These recordings were carried out at 60 mV in the presence of NBQX (10 mM), TTX (1 μ Μ ), and 4AP (200 μ Μ ). Picrotoxin was added (100 μ Μ ) to recording aCSF to confirm the inhibitory nature of recorded currents. Series resistance (10-25 MΩ ) was monitored with a 5-mV hyperpolarizing pulse (10 ms) given during every epoch, and only recordings that remained stable over the period of data collection were used. Photostimulation was carried out using a TTL-controlled ultra-high-power white LED (ThorLabs), passing through an enhanced green fluorescent protein (eGFP) filter cube, through the objective with an intensity of ~5 mW. Pulse duration was 1 ms for evaluation of synaptic release. All recordings were conducted using a Multiclamp 700B amplifier (Molecular Devices) filtered at 3 kHz and digitized at 10 kHz using a Heka digitizer and were acquired and analyzed using Axograph X.
Histology, immunostaining, microscopy, and image analysis. Mice were anesthetized with ketamine and xylazine (100 and 10 mg/kg, i.p.) and transcardially perfused with 5 mL 1 × phosphate buffered saline (PBS), followed by 20 mL paraformaldehyde (PFA; 4%, in PBS). Brains were rapidly extracted, postfixed overnight (12-18 h) in 4% PFA at 4 °C, and cryoprotected for 48-96 h at 4 °C in sucrose solution (30% sucrose in PBS containing 0.1% NaN 3 ) until sunk. Brains were sliced in 30-μ m coronal sections at -22 °C on a cryostat (Leica Microsystems), collected consecutively in 24-well plates containing PBS with 0.1% NaN 3 , covered in light-protective material, and stored at 4 °C until imaging and/or immunohistochemical processing. We used the following antibodies: goat anti-orexin A (Hcrt; 1:1,000, Santa Cruz sc-8070), goat anti-MCH (1:1,000, Santa Cruz sc-14509), chicken anti-TH (1:1,000, Aves TYH), rabbit anti-CRF (1:250, Immunostar 20084, i.c.v. colchicine treatment required), rabbit anti-Cck (1:250, Immunostar 20078, i.c.v. colchicine treatment required), rabbit antic-Fos (1:1,000, Immunostar 26209), donkey anti-goat Alexa Fluor 594 (1:500, Jackson ImmunoResearch Laboratories, Inc. 705-585-147), donkey anti-chicken Alexa Fluor 594 (1:500, Jackson ImmunoResearch Laboratories, Inc. 703-585-155), donkey anti-rabbit Alexa Fluor 488 (1:500, Jackson ImmunoResearch Laboratories, Inc. 711-545-152), donkey anti-rabbit Alexa Fluor 594 (1:500, Jackson ImmunoResearch Laboratories, Inc. 711-585-152), and donkey antirabbit Alexa Fluor 647 (1:500, Jackson ImmunoResearch Laboratories, Inc., 711-607-003). Sections were washed in PBS for 5 min and then incubated for 1 h in a blocking solution of PBS with 0.3% Triton X-100 (PBST) containing 4% bovine serum albumin (BSA). Next, we incubated slices in primary antibodies overnight for 12-18 h, in 4% BSA/PBST block solution. After three 5-min PBS washes, infusions (24-48 h later), mice were anesthetized and perfused, and brains were dissected and processed as described below. Starter cells were identified as neurons co-expressing TVA-mCherry and RVdG-GFP in the injection site. Input cells were defined as all RVdG-GFP-labeled cells that were not starter cells. For all brains with identified starter cells (n = 15 mice), we imaged coronal sections (120-μ m intervals; every fourth consecutive slice), from the rostral prefrontal cortex to the caudal brainstem. We counted the number of input cells and categorized them into brain subregions based on cytoarchitectural DAPI-assisted analysis, according to major delineations made by the Allen Institute and Paxinos & Watson mouse brain atlases. After generating the total sum of all input cells from each brain, we converted the number of input cells from each region into the percentage of total input cells for each brain.
CNO-hM3Dq DREADD self-stimulation. In rodents, oral or systemic CNO administration led to peak concentrations in brain and plasma within 5-15 min 51, 52 . The rapid pharmacokinetic absorption and distribution properties of CNO, together with the favorable water solubility profile of commercial CNO, made this drug suitable for establishing a model of voluntary oral consumption (analogous to established two-bottle choice limited-access drinking experiments for ethanol and sucrose consumption 53, 54 ). Thus, under properly controlled settings, voluntary CNO consumption can be used for studying cell-typespecific chemogenetic self-stimulation of neuronal hM3Dq DREADD signaling. We performed these experiments during the maximal rate of circadian fluid consumption, in which adult male C57BL/6 J mice typically consume 1-2 mL of regular water (30-50% of their total daily fluid consumption) in a 4-h period (ZT14-ZT18).
We designed CNO concentrations based on the range of behaviorally active doses of i.p. CNO administered. For example, we selected CNO concentrations such that a 25-g mouse consuming 1 mL of the solution would lead to systemic CNO doses of 1.0-4.0 mg/kg (example: 1 mL × 50 mg/L × 0.025 kg = 2 mg/kg). Because 2 mg/kg i.p. CNO led to behavioral effects lasting on the order of 1-2 h in separate studies, we reasoned that equivalent doses of orally consumed CNO over a 4-h drinking session would be representative of the chemogenetic effects produced by i.p. CNO injection. Control virus-injected mice showed no significant aversion or preference for the taste of CNO at concentrations of 25-100 mg/L (Fig. 4c,d) . Thus, any significant differences in CNO intake and preference observed between DREADD-expressing and viral control mice were attributable to Cre-specific chemogenetic CNO-DREADD effects rather than simply differences in taste reactivity. Furthermore, we fully counterbalanced the side of the CNO-containing water bottle across groups and switched the side of the CNO-containing bottle every other day to minimize the potential of an inherent cage side bias, as well as to minimize the potential development of conditioned avoidance of (or preference for) the side associated with the CNO bottle.
During recovery from surgery (BNST-AAV5-DIO-hM3Dq or BNST-AAV5-DIO-mCherry), Crf and Cck mice were allowed 10-14 d to acclimate to singlehousing and to drink tap water from two 10-mL plastic pipette tubes with metal sipper spouts, placed on either side of the cage. Baseline measurements of body weight, water consumption, and food consumption did not significantly differ between groups (Fig. 4g ). The experiment consisted of three phases, with each phase consisting of 4 consecutive days of 4-h CNO drinking sessions. Each progressive phase included a new concentration of CNO (25, 50, and 100 mg/L, in escalating order), with 3 d of water-only drinking in between each phase (to minimize potential pharmacokinetic and pharmacodynamic CNO tolerance). CNO solutions were protected from light to prevent degradation, and fresh CNO solutions were provided every other day. Each day, we recorded body and food weights. During food weighing, the cage floor was checked for pieces of food that fell through the cage top (< 0.1% of all data points collected). Next, one of the two water tubes was replaced with a tube of CNO-water, and fluid volumes were recorded to the nearest 0.1 mL. Four hours later, fluid volumes and food weights were recorded again; the CNO tube was removed and replaced with the original regular water tube.
Primary variables included: CNO intake (mg/kg), CNO preference ratio (volume of CNO-water consumed/volume of total fluid consumed), total fluid intake (mL of CNO-water + normal water consumed), and food intake (g/kg), as previously described 53, 54 . We incorporated analyses of multiple consummatoryrelated variables in order to dissociate motivation for CNO's cell-type-specific chemogenetic properties vs. generalized taste-or thirst-driven factors (Fig. 4f,g) .
Behavioral approach testing. In 10-min sessions, we video-recorded mice after placing them in the center of a two-chambered apparatus (52 cm × 26 cm), each side of which contained an inverted wire mesh cylinder. Each cylinder contained either no-scent control odorant stimuli or female mouse odorant stimuli (physically inaccessible). For hM4Di DREADD inhibition studies, the order of saline and CNO sessions was counterbalanced, and each test was separated by 5-10 d. For chronic inhibition studies, Kir2.1 and GFP control mice first underwent control test sessions (control stimuli on both ends), followed 5-10 d later by experimental test sessions (control stimuli on one end vs. female mouse odorant stimuli on the other end). In all trials, we quantified the time spent on the test stimulus-paired side.
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